Metastasis remains a leading cause of cancer mortality due to the lack of specific inhibitors against this complex process. To identify compounds selectively targeting the metastatic state, we used the perinuclear compartment (PNC), a complex nuclear structure associated with metastatic behaviors of cancer cells, as a phenotypic marker for a high-content screen of over 140,000 structurally diverse compounds. Metarrestin, obtained through optimization of a screening hit, disassembles PNCs in multiple cancer cell lines, inhibits invasion in vitro, suppresses metastatic development in three mouse models of human cancer, and extends survival of mice in a metastatic pancreatic cancer xenograft model with no organ toxicity or discernable adverse effects. Metarrestin disrupts the nucleolar structure and inhibits RNA polymerase (Pol) I transcription, at least in part by interacting with the translation elongation factor eEF1A2. Thus, metarrestin represents a potential therapeutic approach for the treatment of metastatic cancer.
INTRODUCTION
Cancer is a leading cause of death in the United States and worldwide, with metastasis to other organs the primary cause of mortality for many cancer types (1) . Cancer survival in general has steadily increased due to enhanced screening, early detection, and treatment improvements for primary tumors. However, cancers prone to metastatic progression remain stubbornly lethal, in part due to the lack of therapeutic approaches that block metastatic processes. For example, pancreatic cancer with a tendency for early dissemination has a 5-year survival rate of 5 to 7%, which has not changed over the last three decades (2) . Current chemo-and molecular therapy options for this disease, or other metastatic solid tissue cancers in general, provide only modest gains in improving clinical outcome (1, 2) , making the metastatic stage an incurable condition with little promise for prolonged remission or survival.
The lack of effective therapeutics for the treatment of metastasis is primarily due to the complexity of the disease process and an incomplete understanding, making treatments targeting a single gene or gene product less likely to be successful. In this regard, the complex metastatic disease state could be better represented by comprehensive phenotypic markers that reflect the metastatic capability. One such marker is the perinucleolar compartment (PNC) (3), a subnuclear body that is (i) selectively detected in cancer cells but not in normal cells, including embryonic stem cells, (ii) a multicomponent nuclear structure highly enriched with noncoding RNAs and RNA binding proteins (4) (5) (6) , (iii) a structure associated with chromatin (7), and (iv) involved in RNA metabolism and Pol III function (7) (8) (9) (10) . Analyses of cancer cells from different tissues and metastatic lesions demonstrated that PNC prevalence (percentage of nonmitotic cells containing at least one PNC) positively correlates with metastatic potential and disease progression (11, 12) . High PNC prevalence in primary tumors is associated with poor patient outcomes, including overall survival of patients with breast, colorectal (11, 12) , and ovarian cancer. Thus, being a complex, multicomponent structure, PNC prevalence may better reflect the complex nature of malignant transformation than a single gene or gene product. Using PNC reduction as a surrogate metastatic phenotypic marker, we developed a lead compound upon optimization of hits from a high-content screen (13) . Here, we report the evidence for metarrestin as a promising anticancer compound.
RESULTS

Metarrestin disrupts the PNC in multiple cancer cells
To screen for small molecules that disassemble PNCs, we engineered a metastatic prostate cancer cell line, PC3M (14) , with a PNC prevalence of 75 to 85% to stably express GFP (green fluorescent protein)-PTB (polypyrimidine track binding protein) (Fig. 1A, top panels) , an essential component of PNCs (15) . Compounds able to reduce PNC prevalence by 50% (13) were filtered in secondary assays to eliminate those that induced apoptosis, DNA damage, generic cytotoxicity, or cell cycle blockage (13, 16) . Remaining hits were evaluated for invasion inhibition through Matrigel and anchorage-independent growth inhibition using soft agar assays. Compound MLS000556915 was selected for optimization based on its potency as a PNC inhibitor, soft agar growth inhibitor, ability to block invasion, and lack of cytotoxicity (13, 16) .
Medicinal chemistry studies explored the structure-activity relationships in the series and optimized the pharmacokinetic (PK) profile for in vivo use, ultimately producing metarrestin (Fig. 1B and fig. S1 for synthetic scheme). Metarrestin disrupted PNCs in PC3M-GFP-PTB cells with a half-maximal inhibitory concentration (IC 50 ) of 0.39 M (Fig. 1A , yellow line) without acute cytotoxicity (Fig. 1A , blue line). Treatment at 1 M (IC 100 for PC3M cells) for 24 hours reduced PNC prevalence in different human cancer cell lines (Fig. 1C and cell lines described in  table S1 ). Matrigel invasion assay analyses showed that metarrestin effectively blocked the invasion of PC3M and PANC1 cells (Fig. 1D) within 24 hours at a concentration (0.6 M) which did not affect PC3M or PANC1 cell growth after 24 hours of treatment ( Fig. 1E for PC3M cells and fig. S2 for PANC1 cells). When PC3M cells and normal human fibroblasts (GM02153) were treated at 1 M concentration for an extended time using the Incucyte system, metarrestin preferentially inhibited cell growth in the PC3M cancer cells (Fig. 1E) .
Metarrestin suppresses metastasis and extends survival in mouse models of human pancreatic cancer xenografts Because pancreatic cancer patients suffer particularly high mortality from metastasis, we initially evaluated the in vivo efficacy of metarrestin against metastasis in an orthotopic pancreatic cancer metastasis model. The three-dimensional (3D) PANC1 cell sphere model, deployed in nonobese diabetic (NOD)/interleukin-2 receptor common gamma chain (Il2r) null (NSG) PANC1 mice (17) , recapitulates human cancer progression and metastatic phenotype of the disease without the limitations of early death due to complications of local invasion, such as gastric outlet obstruction or impingement of the common bile duct. Sixty thousand 3D luciferase-expressing PANC1-Luc cell spheres were injected orthotopically into the pancreas of NSG mice (18, 19) . Histopathological examination revealed that measurable metastasis, in the form of occasional periportal infiltrates and micrometastatic deposits, had developed in livers at ~4 weeks after implantation, then in the form of parenchymal infiltration and visible macrometastasis on the liver surface at 8 weeks, and mice had a life span of 10 to 14 weeks ( fig. S3 ).
To determine whether the preclinical model used retained the features of PNCs observed previously in clinical specimens (11, 12) , we first measured PNC prevalence in a panel of pancreatic cancer cell lines derived from primary tumors and metastatic lesions from various organs in NSG PANC1 mice. The results showed that PNCs were more numerous in human cancer lineages from a metastatic origin and in metastatic lesions compared to those from primary tumors ( Fig. 2A , cell line explanation, and table S2). When cryopreserved tissue sections were examined, PNCs were detected by immunolabeling with a monoclonal anti-human specific PTB antibody (6), SH54, which labels PNCs and allows for specific identification of human xenograft tissues over mouse tissues. PNC prevalence was higher in metastatic lesions than in primary tumors harvested 8 weeks after implantation (Fig. 2B) .
PK studies using single and multiple daily dosing via intraperitoneal administration of metarrestin in mice at 5 and 25 mg/kg ( fig. S4A ) indicated good exposure, distribution, and tolerability in vivo, with a half-life of 4.6 to 5.5 hours and a predicted moderate risk of accumulation ( fig. S4A ). Metarrestin showed high bioavailability, with 
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concentrations in plasma above its PNC disassembling IC 50 of 0.39 M in P3CM cells for an extended period of time (Fig. 1A and fig. S4A ), and concentrations more than 10-fold above the IC 90 of 0.75 M (Fig. 1A) in primary tumors and even higher in metastatic deposits of tumorbearing NSG PANC1 animals 1 hour after discontinuation of metarrestin (10 mg/kg) given for 7 days via oral gavage ( fig. S4B ).
Four weeks after inoculation, mice were treated once daily with metarrestin (5 or 25 mg/kg) or vehicle via intraperitoneal injections, continuing for 6 weeks. At the end of the 10th week after initial inoculation, the cohort exposed to daily administration of metarrestin (25 mg/kg) displayed a decrease in metastatic burden in both the liver (P < 0.01) and the lung (P < 0.05) compared to vehicle-treated control as measured by Xenogen photon organ/tumor ratios ( Fig. 2C ) and standard histopathological examination (P < 0.001; Fig. 2 , D and E). Primary tumor weight was not significantly changed across cohorts (Fig. 2F) . The treatment was well tolerated, and animals maintained their body weight (Fig. 2G) . Dedicated veterinary histopathology review of 12 organ systems and standard clinical chemistry after 3 months of chronic, uninterrupted dosing of autochthonous KPC mice with metarrestin-infused chow (10 mg/kg) [70 parts per million (ppm)] (tables S3 and S4) or 2 weeks of metarrestin (25 mg/kg) via oral gavage failed to discern any histopathological or laboratory abnormalities in treated animals compared to control mice.
To determine whether PNCs in treated animals were affected by metarrestin, we examined PNC prevalence in primary tumors and metastatic lesions from control and metarrestin-treated animals (25 mg/kg) at 12 weeks after tumor inoculation. The results demonstrated a significant reduction of PNC prevalence (P < 0.01; Fig. 2 , H and I) in metastatic and primary tumor tissues, suggesting that PNC suppression is associated with the antimetastatic activity of the compound. PNC prevalence in nontreated animals was higher in these groups of tumors and metastatic lesions than in those harvested at an earlier time (Fig. 2B ) or in cultured PANC1 cells (Fig. 1C) , consistent with previous findings that late-stage cancers have higher PNC prevalence (11, 12) .
To evaluate whether metarrestin treatment can provide a survival advantage by preventing metastatic progression, the above experiment was repeated, but mice were followed until death or when animals reached study end point. NSG mice were injected with 60,000 3D PANC1 cells, and daily treatment with metarrestininfused chow (10 mg/kg; 70 ppm, micronized particles added to NIH-31 Haslan rodent diet) began 6 weeks after tumor cell implantation, when metastasis was limited to micrometastasis by histopathological examination ( fig. S3) (15) . Animals in the control group receiving regular chow started to die 25 days after the start of treatment, whereas the metarrestin treatment group had no mortality more than 90 days after the start of treatment (Fig. 3A) .
To evaluate whether metarrestin treatment affects survival of mice with further evolved metastasis, we injected NSG mice with 60,000 3D PANC1 cells. After macrometastasis was visible on the liver surface, animals were randomized to receive metarrestin-infused chow (10 mg/kg; 70 ppm) or vehicle diet. Mice on the vehicle diet began to die within the first week of the treatment course (Fig. 3B) . Metarrestin treatment extended median overall survival by more than twofold over the control group. Full necropsy at the study end point revealed significantly greater metastatic disease burden (P < 0.05) in the vehicle-treated animals (Fig. 3 , C and D). Most animals in the control group showed near-complete or complete organ replacement with tumors, particularly in the liver and to a lesser degree in the lungs, whereas metarrestin-fed mice had preserved organs (Fig. 3C ). There was no significant difference in primary tumor growth in the pancreas between treated and untreated animals (Fig. 3D) . These findings suggest a survival gain due to suppression of metastasis-related death in metarrestin-treated mice.
To test whether metarrestin's antimetastasis activity observed in the NSG PANC1 mice and in vitro pan-cancer PNC suppression translates into antimetastasis activity in additional cancer models, we evaluated the compound in PC3M xenograft mice. Two weeks after subcutaneous implantation of PC3M cells, mice were started on 5 or 25 mg/kg metarrestin or vehicle by daily intraperitoneal injection for four additional weeks. Tumor progression was tracked by both in vivo imaging system (IVIS) spectroscopy and tumor volume. Metastasis to the lungs was evaluated ex vivo through IVIS spectroscopy and histopathology at the experimental end point. Metarrestin treatment at 25 mg/kg (P < 0.05) decreased development of lung metastasis compared to vehicletreated mice (Fig. 4A ) and modestly reduced growth of primary tumor xenografts (Fig. 4B) . Body weight and behavior of the treated animals were not significantly different from control animals (Fig. 4C) . To evaluate the effect of metarrestin on a malignant xenograft considered closest to in vivo conditions, we used a patient-derived breast cancer xenotransplantation model (PDX). Metastatic breast cancer cells harvested from the pleural fluid of a stage IV ductal breast cancer patient were inoculated into mice, and third-generation mouse-passaged tumors were transplanted into the mammary fat pad of NOD.Cg-Prkdc . Metarrestin (25 mg/kg) or vehicle was administered daily by intraperitoneal injection for 4 weeks with a 5-day on and 2-day off schedule. Tumor size and total body weight were measured twice a week, and tumor weight was measured at the experimental end point. The results show that metarrestin effectively inhibited the PDX growth, which formed entirely from metastatic cells from a patient without passing through culture in vitro (Fig. 4D ). The treatment was also well tolerated, without apparent impact on animal body weight and behavior (Fig. 4E ).
Metarrestin treatment disrupts nucleolar structure and inhibits Pol I transcription
To address the mechanisms by which metarrestin inhibits metastasis, we examined cellular changes upon metarrestin treatment. At 1 M concentration, metarrestin induced collapse of the nucleolus from the typically integrated three substructures (arrows in fig. S5A ) (20) (21) (22) (23) : fibrillar centers (FCs), dense fibrillar components (DFCs), and granular components (GCs), resulting in a segregation of the fibrillar from the granular components in the nucleus as observed by electron microscopy (EM) ( antibodies against the nucleolar Pol I transcription initiation factors, UBF (upstream binding transcription factor) (Fig. 5C and fig. S6 ), or Pol I polymerase RPA194 ( fig. S7A ). Factors involved in ribosome maturation, such as fibrillarin or NOPP140 ( fig. S7A and B) , were similarly reorganized. By contrast, UBF distribution was not changed when the normal human fibroblast GM02153 cell line was treated with metarrestin at the same concentration ( fig. S7C ).
To examine whether the disruption of the nucleolar structure affects ribosome synthesis, we used a cell line expressing inducible GFP-RPL29 (a ribosomal subunit) (27) . GFP-RPL29 induced by the addition of tetracycline (Fig. 5D) showed similar cellular distribution to the endogenous ribosomal subunit (27) , localized to the nucleolus and the cytoplasm as ribosomes assemble and traffic into the cytoplasm (Fig. 5D ). When GFP-RPL29 expression was induced after exposure to metarrestin for 5 hours (PNCs were disassembled and nucleolar structure-altered), the production of GFP-RPL29 ( fig.  S8A ) and its nucleolar localization appeared unchanged (Fig. 5D , right panel) despite the alterations in nucleolar structure ( fig. S8B ), indicating that metarrestin did not broadly affect Pol II transcription, translational, and nuclear import functions in treated cells within this time frame. However, the newly synthesized GFP-RPL29 was largely undetected in the cytoplasm of treated cells (Fig. 5D , right panels, and fig. S8B , lower panels), indicating a failure of the newly synthesized ribosomal protein to be incorporated into ribosomal particles and to be exported to the cytoplasm, which is a phenotype of ribosome synthesis defect (27) . These findings show that metarrestin induces nucleolar ultrastructural disruption in vitro and in vivo with altera tions of cellular distribution of ribosomal subunits, suggesting the involvement of ribosome synthesis modulation in the mechanism of action of the compound.
Metarrestin treatment reduces pre-RNA synthesis and Pol I occupancy at rDNA promoters To investigate the step(s) in ribosomal biogenesis that are disrupted by metarrestin, ribosomal DNA (rDNA) transcription was evaluated using a BrU incorporation assay, an in situ run-on assay that detects the localization pattern of newly synthesized RNA (8) . A 5-min incubation of semipermeabilized cells with a transcription cocktail containing BrU (Fig. 6A, red) showed that the organization of newly synthesized ribosomal RNA (rRNA) (reflecting transcription sites) was altered into tight small clusters and nucleolar structure was disrupted, as represented by the dispersion of C23/nucleolin, a protein involved in many aspects of nucleolar function (28) , from nucleoli ( Fig. 6A,  green) . To evaluate the impact on rDNA transcription in metarrestin-treated cells, we quantified the amounts of 5′ETS (external transcribed spacer) RNA. Because 5′ETS in nascent pre-rRNA transcripts is rapidly removed (29, 30) , the amount of 5′ETS correlates with the amount of rDNA transcription. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) of 5′ETS in metarrestin-and DMSO-treated control cells showed a substantial reduction of 5′ETS RNA in metarrestin-treated cells (Fig. 6B) .
To examine the mechanisms by which metarrestin disrupts Pol I transcription, we evaluated the overall state of the transcription machinery and rDNA chromatin structure in treated cells. Western blot demonstrated that the amounts of Pol I large subunit RPA194 and UBF did not change significantly after 24 hours of treatment with metarrestin at 1 M concentration in the three cell lines PANC1, PC3M, and HeLa (Fig. 6C) . To examine whether an altered chromatin state of the rDNA clusters could be involved in the reduction of rRNA, we carried out psoralen-cross-linking experiments to determine the active/inactive rDNA chromatin ratios in metarrestin-and DMSOtreated cells. Psoralen cross-links active accessible DNA under ultraviolet light without displacing nucleosomes or transcription factors, or changing chromatin states (31, 32) . Psoralen-cross-linked DNA moves slower on agarose gel and can be distinguished from the non-crosslinked DNA by Southern blots (32) . The results showed that the ratio of active/inactive rDNA chromatin is similar in treated and untreated cells (Fig. 6D) , suggesting that rDNA chromatin is not grossly altered. To examine the interactions between Pol I transcription factors and rDNA, we carried out quantitative chromatin immunoprecipitation (ChIP) experiments using primer sets across promoter and coding regions of rDNA (Fig. 6, E and F) . Metarrestin treatment significantly reduced RPA194 occupancy on rDNA promoter and coding regions without significant impact on UBF binding (P < 0.01; Fig. 6F ). As a control, a component of the small elongation complex, ICE1, did not show significant associations with rDNA sequences or altered association with its target gene U12 transcribed by Pol II. These observations show that metarrestin impairs Pol I-rDNA interaction. Genotoxic agents (33) that intercalate into or alkylate DNA, such as actinomycin D (34), induce similar nucleolar segregation to that observed with metarrestin treatment. To determine whether metarrestin induces nucleolar changes through genotoxic effects or general cytotoxicity, we evaluated the impact of metarrestin on DNA damage repair, cell cycle, and general Pol II transcription status in three cell lines (PANC1, fig. S9C ). Evaluation of apoptotic index showed less than 1% of cells undergoing apoptosis in response to metarrestin treatment.
To further determine whether metarrestin interferes with Pol II transcription in general, we performed immunolabeling of CUGBP. The steady-state nuclear distribution of CUGBP, a multifunctional hnRNP protein (35, 36) highly enriched in the PNC (15) , is dependent on Pol II transcription (15) . Selective inhibition of Pol II by -amanitin induces a localization shift to the cytoplasm except for PNClocalized CUGBP ( fig. S9D, top right panel) . If metarrestin treatment significantly affected Pol II transcription, one would expect a predominant cytoplasmic redistribution of CUGBP, as shown in -amanitin-treated cells; however, that was not the case ( fig. S8D, top middle panel) . In addition, SC35, an essential pre-mRNA splicing factor, normally has an intranuclear, interconnected speckle-distribution pattern ( fig. S9D , lower left panel) (37) (38) (39) , which changed to isolated large dots in -amanitin-treated cells ( fig. S9D, lower right panel) . In comparison, the SC35 pattern was not significantly changed in the metarrestin-treated cells ( fig. S9D , lower middle panel). Together with the observation that metarrestin treatment (Fig. 5D) does not affect the induction of GFP-RPL29 expression ( fig. S8 ) and its nucleolar localization (Fig. 5D and fig. S8 ), these findings suggest that metarrestin does not globally inhibit Pol II transcription, general protein synthesis, or nucleocytoplasmic trafficking within the effective concentration range, but has a selective effect on Pol I transcription and ribosome synthesis.
Reduction of RPA194 partially phenocopies the disruption of nucleoli and PNCs by metarrestin
We next asked whether metarrestin disassembles PNCs by inhibiting Pol I function and disrupting nucleoli. The large subunit of Pol I, RPA194, was knocked down by a specific siRNA, as evident by the reduction of the protein 72 hours after transfection with the siRNA oligos in cell lines PANC1, HeLa, and PC3M (Fig. 6G) . The reduction of RPA194 was sufficient to inhibit ribosome synthesis at a single cell level, as shown in HeLa cells expressing inducible GFP-RPL29, where RPA194 knockdown rendered . PNC structures were altered into crescent shapes (top green panel, orange arrows) compared to untreated or control oligotreated cells (lower two panels). Scale bars for all images, 5 m. *P < 0.05 and **P < 0.01. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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cytoplasmic GFP-RPL29 near undetectable (Fig. 6H, right panels) . The reduction of RPA194 decreased PNC prevalence (Fig. 6I) , although not to the same extent as in metarrestin-treated cells (Fig. 1C) . Some PNCs also showed structural changes (Fig. 6I) , becoming crescentshaped around distorted nucleoli in RPA194-reduced cells (Fig. 6J , top panels, yellow arrows), similar to cells treated with metarrestin at a concentration that did not completely eliminate PNCs (Fig. 1A, middle  panel) . The siRNA against RPA194 also disrupted the nucleolar structure into capping structure, as shown by labeling with anti-RPA194 for the residual RPA194 (Fig. 6J , white arrows at cap-like red signals in the top second panel). The changes in PNC and nucleoli in RPA194-silenced cells were similar to those observed with metarrestin treatment (Fig. 5C and fig. S7 ). These findings demonstrate that down-regulating Pol I activity partially recapitulates the disruption of nucleolar and PNC structures induced by metarrestin treatment, and support the idea that metarrestin disrupts PNCs, at least in part, through inhibition of Pol I function.
Metarrestin binds the translation elongation factor eEF1A
To identify the molecular target(s) of metarrestin and upstream factors involved in ribosomal and Pol I function, we identified proteins that bind metarrestin through affinity purification using biotinconjugated metarrestin (Fig. 7A ), which maintains its efficacy for PNC disassembly in cultured cells ( fig. S10 ). Competition studies using untagged metarrestin and proteomic analysis identified eukaryotic translation elongation factor (eEF1A) as a metarrestin-binding protein (Fig. 7B ). eEF1A has two isoforms, eEF1A1 and eEF1A2 (40), and whereas eEF1A1 is ubiquitously expressed in all tissues, eEF1A2 is only expressed in the brain, heart, and skeletal muscle, although its over-or reexpression, including in a stage-specific manner, has been described in a number of cancers, including pancreatic cancer (40, 41) . Binding of metarrestin to eEF1A was further confirmed in cells using a cellular thermal shift assay, which showed an increase in the aggregation temperature of eEF1A upon metarrestin treatment (Fig. 7C) . However, the binding did not significantly change the amounts of the proteins, and Western blot analyses showed that total eEF1A protein remained similar after 1 M metarrestin treatment for 24 hours (Fig. 7D) . eEF1As are multifunctional proteins, implicated in translation elongation, actin bundling, nuclear transport, and transfer RNA (tRNA) export (41) (42) (43) (44) . To evaluate whether eEF1A mediates the effect of metarrestin on cancer cells, eEF1A was either overexpressed or reduced through siRNA silencing. Whereas overexpression of hemagglutinin (HA)-eEF1A1 or HA-EFF1A2 did not significantly increase total PNC prevalence (Fig. 7E) , overexpression of HA-eEF1A2, more so than HA-eEF1A1, increased the scattering patterns (number of PNCs per cell) of existing PNCs in PNC-containing cells (Fig. 7E) . Thus, eEF1A2 enhances PNC structures, but is alone not sufficient to induce significant formation of PNCs in PNC-negative cells. To evaluate the functional link between the phenotype of metarrestin-induced PNC disassembly and eEF1A2, we studied PNC disassembly in wild-type and eEF1A2-overexpressing cancer cells. Cells with and without overexpression of eEF1A2-HA (48 hours after transfection with an efficiency of about 70%; fig. S11) were treated with metarrestin at 10 concentrations, and PNC prevalence was evaluated at ×63 magnification. The results showed that increased expression of eEF1A2 increased the IC 50 of metarrestin for PNC disassembly (Fig. 7F) . To evaluate whether eEF1A2 indeed regulates the metastatic phenotype, PANC1 cells with (PANC1 eEF1A2 O.E.) or without (PANC1 control) overexpression of eEF1A2 were orthotopically injected into NSG mice. Six weeks after implantation, organs were subjected to histopathological evaluation. NSG PANC1 eEF1A2 O.E. mice showed a significantly increased metastatic disease burden compared to PANC1 control animals (P < 0.05; Fig. 7G ), suggesting that metarrestin engages a target governing the metastatic phenotype.
To determine whether the reduction of eEF1A2 phenocopies metarrestin's impact on PNCs and nucleolar structure, eEF1A2 expression was reduced using siRNA oligos. Seventy-two hours after transfection, qRT-PCR showed a selective reduction of eEF1A2 (Fig. 8, A and B) . To evaluate whether reduction of eEF1A2 affects Pol I transcription, 5′ETS RNA expression was compared in cells with and without eEF1A2 knockdown, and the results showed a significant reduction (P < 0.01; Fig. 8C ) of rDNA transcription. Correspondingly, immunofluorescence detection of nucleoli by anti-fibrillarin antibodies and of PNCs by SH54 showed that reduction of eEF1A2 disrupted nucleolar (nucleolar segregation) and PNC structure (loss or becoming elongated and crescent-shaped; arrows in Fig. 8, D and E) similarly to metarrestintreated (Fig. 1A) or Pol I knockdown cells (Fig. 6J) , although with lower efficacy compared to metarrestin (near 100% PNC disassembly and nucleolar distortion at 1 M; Figs. 1A and 5C). The disruption could be partially rescued by overexpression of HA-eEF1A2 (Fig. 8E , red bars). Overall, these findings support the notion that eEF1A2 is involved in metastatic progression in pancreatic cancer and that interfering with its expression largely phenocopies the nucleolar and PNC structural alterations and Pol I inhibition induced by metarrestin, supporting the idea that eEF1A2, at least in part, mediates the nucleolar and PNC alterations induced by metarrestin treatment.
DISCUSSION
Despite decades of intensive research efforts, the key mechanisms of cancer progression and metastasis are still not fully understood. Metastasis involves complex, multistep processes that allow for the selection of cancer cells with the ability to escape immune system surveillance, propagate, migrate, infiltrate, and colonize different organs (45, 46) . Thus, complex phenotypic markers that reflect the malignant capacity of cancer cells could potentially be useful to identify effective treatments. PNCs are formed almost exclusively in cancer cells, and their prevalence is closely associated with metastasis in vitro and in vivo, and therefore, they are believed to be such a marker (3, 11, 12, 15) . As a multicomponent complex subnuclear body, PNCs may reflect the complex characteristics specific to metastasis better than a single gene or gene product.
Through a strategy of screening followed by chemical optimization, metarrestin emerged as a compound with potent PNC disassembly efficacy and attractive PK characteristics. In vitro, metarrestin effectively disassembles PNCs across multiple human cancer cell lines, reducing their invasion capabilities. In vivo, metarrestin treatment inhibited metastasis in mouse models of human cancer without the adverse effects typically associated with chemotherapeutic agents. Metarrestin had a modest impact on primary tumor growth in both pancreatic and prostate cancer models, but effectively inhibited the growth of inoculated PDX tumors derived from metastatic breast cancer cells from pleural fluid of a stage IV breast cancer patient. Plasma PK measures correlated with the antimetastasis effect of the drug; mice dosed with 5 mg of metarrestin did not have 24-hour coverage above the cell-based IC 50 value of metarrestin in the plasma, a finding in line with the reduced antimetastatic activity in NSG PANC1 mice compared to the 25 mg/kg cohort. Metarrestin's selectivity for 9 of 13 cancer versus normal cells in general, selectivity of metastasis versus primary lesions, pan-cancer applicability, lack of overt toxicity, and favorable PK profile support metarrestin as an attractive candidate for clinical translation.
The disruption of PNCs by metarrestin is closely coupled with the disruption of nucleolar structure, reduction of Pol I occupancy on rDNA, and rDNA transcription. siRNA knockdown of the Pol I large subunit, RPA194, partially recapitulates the impact of metarrestin on PNCs, suggesting that nucleolar functional changes could in part mediate the disruption of PNCs by metarrestin. The nucleolar segregation in metarrestin-treated cells is in many respects similar to that observed in cells treated by actinomycin D (25, 34) and other agents that affect DNA or inhibit topoisomerases (33) , all of which are genotoxic and induce nucleolar stress, causing cell cycle arrest and apoptosis (47) (48) (49) . In comparison, treatment by metarrestin for 24 hours did not induce detectable DNA damage-repair responses, appreciable apoptosis in either p53 wild-type or mutant metarrestin-treated cells, global Pol II transcription, translation, or nucleocytoplasmic trafficking. These findings distinguish metarrestin from the many genotoxic Pol I transcription inhibitors that are currently used as cancer therapeutics with substantial adverse effects.
Although it has long been used as a parameter in pathology for cancer diagnosis and prognosis (50) , the role of nucleoli and their possible value as a therapeutic target in malignancy have only come into focus over the past few years (21, 22, (51) (52) (53) (54) (55) (56) . Increasing evidence indicates that nucleoli play key roles in tumorigenesis beyond ribosome biogenesis. These include cell cycle regulation, apoptosis, gene expression regulation, response to genomic stress, partition of cellular factors, and RNA transport (22, (57) (58) (59) . Correspondingly, many of the key factors in ribosome synthesis, including ribosomal proteins, are multifunctional and act as secondary regulators of epigenetic modulation and cancer progression (22, (57) (58) (59) . The disruption of rDNA transcription by metarrestin reported here is in line with nucleoli as a potential therapeutic target for cancer.
Nucleolar stress-induced apoptosis has been shown as the mechanism for antitumor effects of recently developed anticancer compounds, such as CX5461, which inhibits Pol I transcription and induces p53-mediated apoptosis (53, 54) . BMH-21, another compound that binds to GCrich sequences and degrades RNA Pol I, also induces cell death with yet to be defined pathways (55, 60, 61) . In comparison, metarrestin modulates Pol I transcriptional function through different mechanisms as evidenced by the following: (i) Metarrestin does not induce p53-mediated or p53-independent apoptosis or p53-activated cell cycle arrest in cells (with or without wild-type p53); (ii) metarrestin ) transduced with empty vector (control) or eEF1A2 (eEF1A2 O.E.) were injected into the tail of the pancreas of NSG mice. Mice from both groups were harvested 6 weeks after implantation and subjected to necropsy. Macroscopic images of anterior (top) and posterior (bottom) liver surfaces showed higher metastatic burden in PANC eEF1A2 animals than in empty vector control (left, harvested livers). Histopathological images (hematoxylin and eosin) of livers (black scale bars, 250 m; white scale bars, 100 m) are shown on the right. Insets depict representative metastatic lesions. Quantification of liver metastasis showed a higher metastatic burden in PANC1 eEF1A2 O.E. animals (n = 4 animals analyzed per group). *P < 0.05, **P < 0.01.
does not inhibit Pol I transcription through down-regulation of Pol I machinery components and has no apparent impact on the rDNA chromatin state; (iii) metarrestin interferes with Pol I occupancy on rDNA without affecting rDNA interaction with another Pol I factor, UBF; and (iv) Pol I knockdown partially recapitulates the cellular phenotype on nucleoli and PNC structures observed in metarrestintreated cells, supporting the idea that metarrestin inhibits Pol I function without direct interference with rDNA or reduction of the transcription machinery at the protein level.
Repeated affinity purification and proteomic analyses did not show RPA194 binding to biotin-tagged metarrestin, suggesting an indirect modulation of Pol I activity by metarrestin. A search for protein targets of metarrestin identified eEF1A as a binding partner, as supported by the results of competition binding assays and changes in eEF1A protein thermal stability in cells. Manipulation of eEF1A2 expression through either overexpression or reduction by siRNA showed that eEF1A2 plays a role in PNC structures. Although expression of eEF1A2 alone was insufficient to increase PNC prevalence in PNC-null cells, it increased the number of PNCs per cell and increased the IC 50 of metarrestin against PNC. Furthermore, overexpression of eEF1A2 increased metastatic burden in PANC1 xenograft mice. Together with the observation that eEF1A2 knockdown partially recapitulated the nucleolar and PNC disruption induced by metarrestin treatment, our findings support the concept that eEF1A2 in part mediates the function of metarrestin in cancer cells. Many biological functions are described for eEF1As, including translation elongation, actin bundling and polymerization, tRNA nuclear export, viral cycle, protein degradation, and stress response (40, 53, 54, (62) (63) (64) (65) (66) . Overexpression of eEF1A2 and functional association have been documented in a number of cancers such as breast, prostate, pancreatic, and ovarian (66) (67) (68) (69) (70) . Several clinical studies have associated increases in eEF1A2 expression with poor prognosis (69, 70) , and previous preclinical studies have described anti-eEF1A disrupting translation and protein synthesis (71) (72) (73) . In contrast, metarrestin treatment at effective concentrations, as observed with the inducible expression of GFP-RPL29, does not interfere with general translation of existing ribosomes even though it reduces new ribosome synthesis. Although our findings suggest that metarrestin selectively interferes with nontranslational functions of eEF1A2, immunolabeled with an antibody recognizing a pre-RNA processing factor fibrillarin; n = 500 cells. Scale bar, 5 m. (E) PNC prevalence was modestly reduced (left graph, blue bars), and the rate of nucleolar disruption was increased (right graph, blue bars). Transfection of HA-eEF1A2 (red bars) after siRNA for an additional 24 hours partially rescued PNC prevalence (left graph, red bars) and nucleolar disruption (right graph, red bars). *P < 0.05, **P < 0.01.
its role in PDX and other types of tumors in vivo, the precise mechanisms of its involvement in Pol I transcription, and potential other functional targets of metarrestin require further investigations.
In summary, metarrestin is a small molecule which is selective against metastasis across different preclinical cancer histologies, with high intratumoral exposure and without appreciable toxicity. In contrast to the classical, single target-driven anticancer drug discovery paradigm, metarrestin was obtained from an alternative approach, screening against a complex phenotypic marker for malignancy. Metarrestin inhibits Pol I transcription, induces nucleolar segregation, reduces nucleolar volume, and disrupts PNCs, in part by interfering with eEF1A2 function. Because metastasis is a key cause of lethality in cancer patients, the selective antimetastasis activity with limited toxicity makes metarrestin a promising chemotherapeutic candidate.
MATERIALS AND METHODS
Study design
The goal of this study was to develop and validate an alternative approach to identify effective antimetastasis lead compounds. PNC, a complex nuclear body that forms only in cancer cells, was used as a phenotypic marker and surrogate of metastatic behavior in a screen to identify small molecules that disassemble the nuclear body without killing the cells at the effective concentrations. Secondary and tertiary screens were used to identify compounds, which were further optimized through chemical modification and synthesis.
In vitro assays and in vivo xenograft modeling were used to determine the efficacy of a lead compound, metarrestin, for inhibiting PNC, cancer cell growth, cell invasion, tumor growth, and metastasis in pancreatic, prostate, and breast cancer xenograft models. Cultured cells, 3D spheres, or PDX tissues were used for these animal models. A biotin-tagged metarrestin derivative was synthesized and confirmed to have a similar PNC disassembly IC 50 as the untagged compound. Biochemical and mass spectrometry approaches were used to identify its cellular binding proteins. Cellular and molecular approaches were used to validate the potential targets of metarrestin. Standard practices involved in PK analyses were used to determine metarrestin exposure in mice. A dedicated veterinary pathology review of 12 organ systems from male and female genetically engineered tumor-bearing and wild-type mice exposed for 3 months to metarrestin was conducted to evaluate the toxicity of the compound. The majority of the findings included in the article were evaluated by more than one method, and experiments were repeated multiple times (the specifics are included in the Supplementary Materials and Methods). In vivo experiments were randomized, unblinded, and conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The animals were sacrificed at the predetermined time point or upon signs of animal distress (immobility or weight loss greater than 15%). Animal data were excluded as outliers in cases of unspecified death or sacrifice before the predetermined end point, which affected less than 10% of the initially enrolled mice. Individual trial details (sample size, mouse type, trial duration, and specimen handling) are provided in the Supplementary Materials and Methods.
Statistical analyses
Data are presented as means ± SD. Student's t tests were performed for all the experiments, except where indicated differently in the figure legends. Mean nucleolar areas were analyzed using twotailed Mann-Whitney U test.
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